We present a measurement of the energies and capture cross-sections of defect states in methylammonium lead bromide (MAPbBr 3 ) single crystals. Using Laplace current deep level transient spectroscopy (I-DLTS), two prominent defects were observed with energies 0.17 eV and 0.20 eV from the band edges, and further I-DLTS measurements confirmed that these two defects are bulk defects. These results show qualitative agreement with theoretical predictions, whereby all of the observed defects behave as traps rather than as generation-recombination centers. These results provide one explanation for the high efficiencies and open-circuit voltages obtained from devices made with lead halide perovskites. Published by AIP Publishing. https://doi
INTRODUCTION
In recent years, lead halide perovskites (HaPs) have attracted intense interest as the first low-cost, solution-processed absorbers which can be used in solar cells with cell efficiencies comparable with commercial thin film polycrystalline cells. 1 The higher bandgap HaPs are attractive as potential cheap add-ons to low bandgap c-Si-based cells for use in tandem cells. Also, the prospect of solar fuel production has spurred interest in those perovskites. The band gap of methylammonium lead bromide (MAPbBr 3 ), at 2.3 eV, can in principle provide a sufficiently large voltage to split water. Cells based on this material have been reported with an open-circuit voltage as high as 1.6 V. 2 In general, if one wishes to improve solar cell performance, whether that means pushing the conversion efficiency closer to the Schockley-Queisser limit or the more limited goal of pushing the open-circuit voltage closer to the maximum value that is possible, given the band gap of the absorber, one must minimize the presence of defects in that absorber. However, in spite of the rapid improvements in efficiencies and open-circuit voltages of HaP solar cells, our fundamental understanding of the defect states in lead HaPs is cursory at best. Yin et al. calculated the formation energies of all possible simple point defects in methylammonium lead iodide (MAPbI 3 ) and found that the formation energies of deeper defects are so high that their formation under the conditions of synthesis of the materials is unlikely, leading them to conjecture that lead halide perovskites have mainly shallow defects. 3 However, attempts to verify this prediction by arriving at experimental estimates of the trap densities and energies have given varying results. Hutter et al., fitting a kinetic model to time-resolved (i.e., pulsed) photoluminescence measurements, deduced a density of 6 Â 10 16 cm À3 for MAPbI 3 thin films and $10 15 cm À3 for meso-structured MAPbI 3 on Al 2 O 3 . 4 Baumann et al. derived a density of 10 15 cm À3 for a defect with an energy of around 500 meV from measurements of thermally stimulated current on MAPbI 3 . 5 Duan et al., using thermal admittance spectroscopy, deduced the existence of two defects in a MAPbI 3 film at 0.167 eV and 0.35 eV above the valence band, with the defect at 0.167 eV, the density of which they calculated to be around 10 16 cm
À3
, being attributed to iodine interstitials based on theoretical calculations. 6 In light of the varying estimates in the literature for the energies and densities of defect states in methylammonium lead halide perovskites, we chose to use an established method to measure the defect energies and densities. Deeplevel transient spectroscopy (DLTS) has been used with great success to measure the energies of defects in wellstudied semiconductors such as Si and GaAs, with much of the early work on silicon being done by Sah in the 1970s. 7 The method is straightforward in the sense that one measures the emission time constant of the defects directly by analyzing the transients in current (or capacitance) at different temperatures. However, conventional, so-called "boxcar DLTS" suffers from the same precision limitation as thermal admittance spectroscopy: a defect with a well-defined energy will give a broad peak. To overcome this problem one can use Laplace DLTS, which can, in practice, surpass the resolution of conventional DLTS by about an order of magnitude, and can detect closely spaced peaks that other techniques, such as thermal admittance and thermally stimulated current, are unable to resolve. In principle, Laplace DLTS is limited only by the noise level of the measurement and the accuracy to which one can control the temperature of the sample. Since, based on the results from theoretical calculations, we can expect several defect levels closely spaced in energy near the band edges (some such levels may even be part of a family of levels related to a single defect), Laplace DLTS is an appropriate tool for measuring the energy levels of defects in methylammonium lead halide perovskites.
In this work, we have chosen to measure the energies, capture cross-sections, and densities of defect states in single crystals of the high bandgap (2.3 eV) perovskite MAPbBr 3 a) using current DLTS. We prepared Schottky diodes on perovskite single crystals, pulsed the diodes from reverse to forward bias, and measured the current transients observed after the pulse. From the transient, we can determine the emission rates of the defects by performing an inverse Laplace transform on the transient, and by watching how the emission rate of each defect changes with temperature, we can determine the energy and capture cross-section of the defect. We can also estimate the defect density from the magnitude of the transient itself. Based on these measurements, we have verified the conjecture that the dominant defects in lead HaPs are shallow defects.
EXPERIMENTAL METHODS
Crystals of MAPbBr 3 were prepared according to the procedure of Rakita et al. 8 A 0.5 M solution containing a 1:1 molar ratio of MABr and PbBr 2 in N,N-dimethylformamide (DMF) was prepared in a vial and placed in a closed container which also contained ethyl acetate, an antisolvent for MAPbBr 3 . As the ethyl acetate vapor slowly dissolves in the DMF solution, the solubility of the perovskite decreases, resulting in the formation of cubic MAPbBr 3 crystals approximately within one day. Similar MAPbBr 3 single-crystal growth procedures and the synthesis of MABr have been described previously. 9, 10 Previous thermoelectricity measurements conducted in our lab have shown such crystals to be p-type. 11 To prepare Schottky diodes on these crystals, carbon was chosen as an ohmic contact, and gold was found to give a junction with rectification in the direction expected for a depletion layer on a ptype semiconductor. Since the ionization energy of MAPbBr 3 as reported in the literature is greater than the work function of gold, 12 the formation of a Schottky barrier at the Au-MAPbBr 3 interface is predicted by the Mott-Schottky rule. For each crystal, a 75 nm thick gold contact was deposited by e-beam evaporation and the carbon contact ($50 lm) was painted onto the crystal from carbon paste dissolved in isopropanol, a perovskite antisolvent.
The sample is kept under rough vacuum (10 À2 mbar) in dark conditions during the measurement, and the sample is cooled by a cryostat (APD E202) using liquid helium. The temperature is monitored and controlled by a Lakeshore 333 temperature controller to a stability of 20 mK. The voltage applied across the sample is controlled by a pulse generator (Agilent 33220A), whose output is connected to the blocking contact. The current transient is measured from the ohmic contact, which is grounded through the current amplifier, and the current is changed into a voltage signal by the current amplifier (Keithley 428), which can deliver a signal to a data collection system for averaging, such as an oscilloscope. The signal is then digitized and sent to a computer for analysis. The software for triggering the pulse generator as well as averaging and analyzing the transients is contained on a Laplace card (a hardware circuit card which is inserted into the computer), which applies an inverse Laplace transform to the averaged current transient before displaying the result on the computer. A diagram of this setup is shown in Fig. 1 . Further details regarding the setup may be found in Refs. 13, 14, and 15.
The main idea behind DLTS is to use the variation in defect emission rates with temperature to determine the difference in energy between the defect states and one of the band edges as well as to determine the capture cross-section of the defects. To see how the transient is measured, consider a point in our diode lying at the edge of the quasi-neutral region at zero bias. The traps at this point would be occupied by electrons after a long time in reverse bias [ Fig. 2(c) ], but when we pulse to reverse bias, this point will no longer be in the depletion region, so emission will no longer be the dominant process; rather, in a p-type material, hole capture will dominate all other processes, and in the steady state, almost all the traps will be occupied by holes [ Fig. 2(a) ]. Now suppose the diode is suddenly placed in reverse bias, so that the space charge region expands to include this point. During this phase, hole emission is the dominant process because emitted holes are swept out of the space charge region very quickly before they can be recaptured, resulting in a current. A long time after the pulse ends, the number of traps occupied by electrons increases, so electron emission begins to compete with hole emission, and the relative rates of the two processes dictate steady-state occupancy [ Fig. 2(c) ]. If a given trap lies well below the Fermi level at the given reverse bias, it is likely to be occupied by an electron. Thus, when the sample is pulsed again from reverse bias to zero bias or forward bias [change from Figs. 2(c) to 2(a)], holes will flow in and be captured by the traps which are now occupied by electrons, returning us to our original state. A diagram showing the changes in the defect state occupancy over the course of the measurement for a p-type material is shown in Fig. 2 .
Thus, by keeping our diode under reverse bias [ Fig.  2 (c)] and pulsing to zero bias or a small forward bias for just long enough to fill the traps with holes [ Fig. 2(a) ], and then measuring the current after the pulse ends [ Fig. 2(b) ], we can measure a current transient which is due only to emission, and from the time constants of the decay of this transient we can extract the emission rates of the defects.
It is important to realize that although we expect majority carrier emission from defects to be the dominant process, when we measure the transient under reverse bias, minority carrier emission would give a current transient of the same sign, since minority carriers, having the opposite charge from the majority carriers, would be swept to the opposite direction. Therefore, we cannot empirically distinguish FIG. 1. A schematic of the measurement setup. A pulse generator applies a pulse from reverse bias to zero bias or to small forward bias, and a current amplifier converts the current transient flowing through the diode after the end of the pulse to a voltage signal, which is then stored, averaged for several trials (pulses), and analyzed appropriately with a computer (applying correlators with various rate windows for conventional DLTS, or performing a deconvolution routine on the entire decay curve for Laplace DLTS).
between majority and minority carrier traps with current DLTS, and, thus, we do not know if the energies that we measure for each defect are to be taken relative to the valence band or to the conduction band.
The gradual change in the occupancy of the traps after the filling pulse (to zero or small forward bias) ends and the diode is returned to reverse bias also causes a change in the width of the space charge region. The space charge region in a p-type material carries a density of negative charge due to the acceptor dopants so that, as more and more traps become occupied by electrons rather than holes, the charge density in the space charge region increases, and its width decreases. Assuming a uniform charge density within the SCR, the standard relation between the charge density q and the space charge region (SCR) width W (for a three-dimensional SCR) is
where e is the dielectric constant, V bi is the built-in voltage, and V is the bias applied to the diode. This causes a reduction in the emission current and also induces a displacement current as charges move toward the interface of the diode to compensate for the increased charge density in the space charge region. It is simple to show that the emission current is the dominant effect, and the displacement current merely reduces the overall current by a factor of two. 16 In any case, it should be clear that as long as the overall density of traps n T is much smaller than the doping density N D , one can neglect the effect of the change in the width of the space charge region occurring after the return to reverse bias as a result of emission from defects (since q % ÀN D in any case).
Therefore, the current transient due to emission from a given trap has the form of an exponential decay
where e p is the emission rate of holes from the trap and I 0 is proportional to the trap density. We also note that because the current transient is essentially the derivative of the trap occupancy [since dW dt is small, we have
dt for a junction of area A], current transients are typically fast and the magnitude of the transient will depend on the emission rate (since, during the transient,
where p is the hole density) and through it, on the temperature T [see Eq. (3)]. Once we extract e p from the transient for several temperatures, we can derive the energy and capture cross-section of a defect from the variation in emission rate with temperature-an Arrhenius plot. The emission rate from a defect is given by
where E T is the energy of the defect state, E V/C is the energy of the valence or conduction band, T is the temperature, k B is the Boltzmann constant, r p/n is the capture cross-section of the defect state acting as a hole/electron trap, m e is the electron rest mass in vacuum, and m p/n is the hole/electron effective mass, where, for MAPbBr 3 , we use the literature value of 0.26m e . 17 Therefore, fitting the observed emission rates to this equation by making an Arrhenius plot of the dependence of the emission rate e p on temperature will give the energy (jE T À E V=C j) and capture cross-section (r p/n ) of the trap.
The practical basis of DLTS is finding a way to obtain emission rates for all the traps present in a sample when the total transient is a sum of all the exponential decays corresponding to each trap. One of the first methods developed for this purpose is to apply some functional to a transient, called a correlator, which reaches a peak when the emission rate of one of the defects responsible for the transient matches the chosen rate window of the correlator. The simplest such correlator, called the boxcar correlator, is just the difference between the transient at two times. Clearly, if the emission rate is too fast, the output will be small as the currents at   FIG. 2. A diagram of the change in the space charge region width (not to scale) in a p-type semiconductor during and after the pulse, which gives rise to the filling and emptying of the traps responsible for the transient. We start with the junction under reverse bias for a long time (c) with traps below the Fermi level occupied by electrons, then we pulse to 0 bias (a) (one can also pulse to a small forward bias), causing a dramatic contraction of the SCR [as is seen by comparing to the situation in (c)]. As a result, holes rush in to be captured by the traps which are now above the Fermi level. When the pulse ends, we return to reverse bias and the SCR greatly expands (b); the hole-occupied traps in the SCR are now below the Fermi level, so that emission of holes is the dominant process. As the holes are emitted, they leave behind electrons, which increases the density of negative charge in the SCR above the density created by the dopants, so that the band bending gradually increases and the SCR gradually contracts, returning to (c). The gradual change from (b) to (c) is where we observe the transients. In contrast to the behavior of the defects, the dopants, due to their shallow energies, are always below the Fermi level, so their occupancy is not affected by such a pulse. those times will both be small, and if the emission rate is too slow, the output will be small as the currents at those times will both be close to the initial current, but for some optimal, intermediate emission rate, the output will be maximized. In practice, the correlator output for a given rate window is plotted for many different temperatures, and since the emission rate of a defect increases with temperature [see Eq. (3)], there must be an optimal temperature where the emission rate matches the rate window of the correlator. Thus, the correlator output is maximized at that temperature, and we conclude that the emission rate at this temperature is given by the rate window chosen. The spectrum obtained by plotting this "boxcar" correlator output versus temperature for a given rate window is called a boxcar DLTS spectrum. Repeating this procedure for multiple rate windows should allow to produce a plot of ln(T 2 /e) versus 1/T and derive the energies and capture cross-sections of the defects.
For our Au-MAPbBr 3 -C diodes, as a preliminary measurement, conventional current DLTS measurements were conducted with a boxcar correlator for various rate windows from 5 s À1 to 2000 s
À1
. The temperature was varied from 203 K to 315 K in steps of 0.43 K (MAPbBr 3 remains in the tetragonal phase throughout this temperature range 18 ), and the sample was held at À2 V reverse bias and pulsed to 0 V forward bias for 1 ms at each temperature.
The major disadvantage of conventional DLTS techniques such as the one described above is that even if the measurement is conducted perfectly, with no noise in the transient and perfect control over the temperature, the peaks in the spectrum will still have a finite width. Therefore, if there are multiple defects in the material with similar emission rates, their peaks may overlap and appear as a single peak in a conventional DLTS spectrum.
To resolve the peaks due to these different defects, we need a transformation which should give an arbitrarily sharp peak for an arbitrarily accurate measurement of an exponential decay due to a defect, and the inverse Laplace transform, which, given a transient f ðtÞ, extracts a spectrum FðsÞ such that f t ð Þ ¼ Ð 1 0 F s ð Þe Àst ds, has exactly this property. There are many algorithms available to obtain the inverse Laplace transform of a transient corrupted with noise; in this work, we use the CONTIN regularized deconvolution routine, which is in the public domain.
Once we know the temperature range of interest from conventional DLTS, we can return to a temperature in that range, average, save the entire observed transient, and then apply an inverse Laplace transform to obtain a spectrum which directly gives peaks at the emission rates associated with defects at that temperature. Such a spectrum is called a Laplace DLTS spectrum. Once we obtain a Laplace DLTS spectrum for several temperatures within the range of interest, we can then produce a separate Arrhenius plot for each defect level and derive their energies and capture crosssections. In practice, since the deconvolution method itself no longer limits our resolution, and we are limited only by the noise level and the temperature drift, Laplace DLTS allows us to separate closely spaced peaks with a resolution an order of magnitude better than what can be obtained with conventional DLTS. Typically, conventional DLTS can resolve two peaks with a ratio of emission rates !15, whereas Laplace DLTS can resolve two peaks with a ratio of emission rates as low as 2.
14 This superior resolution makes Laplace DLTS a fitting tool for studying defects in lead halide perovskites, since several theoretical computations predict that these materials may have densely spaced defect levels close to the band edges.
For our Au-MAPbBr 3 -C diodes, Laplace spectra were derived from averaged current transients measured at temperatures from 300 K to 275 K. The sample was held at À4 V reverse bias and pulsed to þ1 V forward bias for 1 ms to ensure that all defect states within the band gap would capture and emit carriers. The transient was measured for 4 ms after the end of the pulse and 4000 trials were averaged before performing each deconvolution. During the measurement, we always tested for consistency with results from a different deconvolution engine, and we used as a rule of thumb that a S/N ratio of 10 4 is needed to distinguish between two peaks of the same height with emission rates differing by a factor of 2. 16 In our measurements, our S/N ratio was typically 10 3 , so we made sure to record transients for a length of time no shorter than (7/e) for an emission rate e. (The noise in the transient is likely due to multiple factors, including temperature instability, noise pickup during analog-to-digital conversion, and sample noise.)
RESULTS AND DISCUSSION
Results of the preliminary conventional DLTS measurements are shown in Fig. 3 .
The spectra from the four fastest rate windows-200 s
À1
, 500 s Conventional DLTS spectra for the four fastest rate windows measured as the temperature is varied from 203 K to 315 K. The sample was held at reverse bias V r ¼ À2 V and pulsed to forward bias V f ¼ 0 V for 1 ms at each temperature. Large correlator outputs were observed between 275 K and 300 K, indicating the presence of one or more defects with similar emission rates to these rate windows in this temperature range. We used an amplification of 10 7 V/A. of 2 Â 10 À19 cm 2 , but given the large width of the peaks, it is likely that multiple defects contribute to each peak, and that conventional current DLTS measurements lack the resolution necessary to distinguish the closely spaced energies of these defects. Thus, we conducted Laplace DLTS measurements in the 275-300 K temperature range to check if there are multiple peaks (i.e., multiple defect levels).
A typical set of Laplace spectra is shown in Fig. 4 . The CONTIN routine generated these spectra via a discrete deconvolution using 200 points sampled from the transient, which were fitted to a model with 200 emission rates. The magnitude of the full amplified transient may be obtained by summing the spectral density at each of these 200 emission rates.
Each spectrum shows two large peaks in the 10 . The two large peaks were also observed in spectra taken from other samples, whereas the smaller peaks were observed only in this sample. For defects, the emission rate is expected to increase with temperature, and this is indeed what we observe for all of the peaks in this set of spectra, with the exception of the small peak above 10 4 s
in the 295 K spectrum, which occurs at a faster rate than that of the 300 K spectrum. This may be due to the fact that the position of smaller peaks is given less accurately by inverse Laplace deconvolution routines than that of larger peaks because once one has already accounted for the larger peaks, the effective S/N ratio for the smaller peak's contribution to the transient is larger, which, during deconvolution, introduces a greater spreading of the position of this peak. Once we have recorded the emission rate of each peak in the Laplace spectrum at each temperature, we plot ln(T 2 / e) versus 1/T, and we can then derive the energy jE T -E V/C j and the capture cross-section r p/n for the defect from the slope and intercept of the Arrhenius plot, respectively [see Eq. (3)]. Arrhenius plots for the two large, reproducible peaks seen in the set of spectra above are shown in Figs. 5 and 6 .
Results show good agreement with the model given by Eq. (3), and we can see from the Arrhenius plots that of the two large peaks observed, the large peak with the slower emission rate is due to a defect with an energy of 0. Laplace DLTS spectra for various temperatures between 275 K and 300 K, obtained using the CONTIN deconvolution routine. The sample was held at À4 V reverse bias and pulsed to þ1 V forward bias for 1 ms, and the resulting transient was measured 4000 times at each temperature with an amplification of 10 7 V/A and averaged before performing each deconvolution. Each spectrum shows two large peaks in the 10 2 -10 4 s À1 range and a smaller peak above 10 4 s À1 , all of whose emission rates increase with increasing temperature, consistent with the presence of three defects, though only the two large peaks were observed in other similarly prepared samples. is unlikely. These results agree with theoretical predictions that the dominant defect states in lead halide perovskites are shallow and behave as traps rather than as generationrecombination centers. 3 Given that the properties of diodes produced from lead HaPs often change under illumination, we also attempted to measure these samples immediately after exposing them to the light and then returning them to dark conditions. We were unable to obtain stable results from these experiments, so that further work is needed to determine the preconditioning necessary to model the behavior of the defects in the lead HaP under working conditions.
Although we expect negligible activity from surface and interfacial states given the fast transients, we suspected that a forward bias of þ1 V might still access them. Therefore we conducted a series of control measurements with smaller pulse heights, to rule out the contribution of surface states. The reverse bias was maintained at À4 V and the forward bias of the pulse was varied from À3.9 V to À2.6 V, thus changing the width of the emission region from 20 lm to 350 lm. (The derivation of these widths from the biases can be found in the supplementary material.) The heights of the two largest peaks in the Laplace spectrum at 280 K were measured as a function of the forward bias. The third smaller peak was not observed in these measurements, so we cannot be certain as to its origin. A plot of the peak height versus the width of the emission region (the amount by which the SCR contracts during the pulse) for each of the two large peaks in the Laplace spectrum is shown in the supplementary material in Fig. S1 (supplementary material) .
If these defects occurred only at the interface with the contacts, we would expect to see no dependence of the peak height on the forward bias, and if the defects occurred only at the surface, we would see a non-linear dependence of the peak height on the calculated emission region width [calculated as W(V r )-W(V f ) from Eq. (1), where V r and V f are the voltages applied to the diode under forward and reverse bias, respectively]. As the peak height shows a linear dependence on the width of the emission region for both of these peaks, this indicates that the defects responsible for the two large peaks in the Laplace spectrum are bulk defects and are not due to the deposition of the contacts. We can also conclude from the linear dependence that these bulk defects have a uniform distribution throughout the sample.
An estimate for the densities of the defects may be obtained using the equation for the magnitudes of the current transients
where I k is the magnitude of the current transient resulting from the kth defect, e k is the emission rate of the kth defect, n k is the density of the kth defect, N D is the doping density, W is the width of the depletion region immediately after the return to reverse bias, A is the area of the Schottky contact, and q is the electron charge. 16 We use the reported carrier density of the p-doped MAPbBr 3 crystal, N D ¼ 10 10 cm À3 . 10 With that value we find that the density of the 0.20 eV defect is on the order of 10 9 cm À3 , the density of the 0.17 eV defect is on the order of 10 8 cm À3 , and the density of the 0.11 eV defect, that was found in one of the samples, is on the order of 10 6 cm À3 . (Note that N D ) P k n k justifies our use of the simple inverse Laplace transform to determine the defect emission rates.) Furthermore, an overall trap density on the order of 10 9 cm À3 agrees with previous space charge-limited current (SCLC) measurements of defect densities in a single crystal of MAPbBr 3 .
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CONCLUSION
Using Laplace I-DLTS, we measured the energies and capture cross-sections of defect states in single crystals of the MAPbBr 3 perovskite. The Laplace spectra indicate the presence of two fairly shallow defects: one defect with an energy of 0.167 6 0.014 eV, a capture cross-section of 4 Â 10 À20 cm 2 (ln(r/cm 2 ) ¼ À44.7 6 0.6), and an approximate density of 10 8 cm À3 contributing a fast decay, and another defect with an energy of 0.204 6 0.016 eV, a capture cross-section of 5 Â 10 À20 cm 2 (ln(r/cm 2 ) ¼ À44.5 6 0.7), and an approximate density of 10 9 cm À3 contributing a slow decay. These results are consistent with theoretical predictions which implied that all of the defects present at a significant density in methylammonium lead HaPs should be shallow defects, which are more likely to behave as traps than as G-R centers. In addition, the linear dependence of the spectral density of these two defects on the calculated width of the emission region shows that they are bulk defects and are not due to the deposition of the contacts.
Although we have measured the densities, energies, and capture cross-sections of the defect states, we have made no claim regarding the chemical nature of the defects. Future DLTS measurements on lead HaPs should attempt to determine the changes in defect states caused by various treatments, such as exposure to halogens, or illumination with different frequencies of light.
Overall, we have shown that Laplace DLTS is a useful tool for analyzing the nature of defect states in lead HaPs due to its superior resolution. In addition, our measurements support one possible explanation for the high efficiencies and open-circuit voltages observed in perovskite solar cells: namely, that the defects present in lead HaPs are shallow defects and therefore do not cause as much recombination as deeper defects would. Thus, in spite of the fact that the density of defects is not exceptionally small relative to the carrier density, their shallow position within the band gap allows one to produce solar cells with high efficiencies and open-circuit voltages from these materials.
SUPPLEMENTARY MATERIAL
See supplementary material for a plot of the peak height versus the width of the emission region for each of the two large peaks observed in the Laplace spectrum, along with a derivation of the width of the emission region using the literature values for the valence band edge energy E v for MAPbBr 3 12 and for the doping density N D and permittivity e. 
